• Glycerolysis of olive oil with an immobilized Candida rugosa lipase is reported
cular distillation [9] . In recent year, synthesis of MG and DG using lipase as catalysts has been widely investigated. The use of lipase is advantageous for its stereo and positional specificities, and high catalytic efficiency [10] . The enzymatic glycerolysis synthesis is a possible alternative to chemical glycerolysis synthesis because of mild reaction conditions, improved product quality and lower energy consumption [9] . Olive oil is a source of long-chain monounsaturated fatty acids, such as, oleic acid (C18:1, 78%), linoleic acid (C18:2, 16%), palmitic acid (C16, 12%) and stearic acid (C18, 5%). Olive oil is produces a considerable amount of MG and DG in glycerolysis reaction compared to the conventional oils [11] .
Several lipase-catalyzed glycerolysis systems have been investigated without organic medium [1, 12] , with free [3, 13, 14] or immobilized lipase [1, 12] , in ionic liquids [15] or using compressed fluids as reaction media [16] . Many works reported on the glycerolysis of fats or oils with glycerol using lipase in the presence of solvents [3, 9, 13, 14] . In this system, the separation of organic solvents at the end of the reaction is difficult. In the present work, solvent-free olive oil glycerolysis for MG and DG production is reported. As no solvent separation step is involved, solvent-free glycerolysis lowers the final product cost. Efficient recovery of MG and DG without further purification steps [17, 18] is observed.
Response surface methodology (RSM) is a collection of statistical and mathematical techniques for designing experiments. RSM is useful for the modeling and finding optimum conditions of factors for desirable response [19] . RSM also quantifies the relationship between the controllable input parameters and the obtained response surfaces [1] . RSM has been recently used on modeling and optimization of lipase catalyzed reaction surfaces [1, 20, 21] .
The optimization of solvent free glycerolysis of olive oil for MG and DG production with immobilized Candida rugosa lipase has not yet been described in full detail. The aim of this study is to identify relationship between the five input variables (reaction time, reaction temperature, amount of lipase, molar ratio of glycerol to oil and water content in glycerol) and MG, DG yield for the olive oil glycerolysis reaction and glycerol using immobilized C. rugosa lipase. The experimental design techniques and response surface methodology are used to optimize the glycerolysis reaction conditions for MG and DG production. The aim is also to develop predictive models that can be used in the design of new applications.
MATERIALS AND METHODS

Materials
The immobilized (immobilized on macroporous acrylic beads) C. rugosa lipase, glycerol (99.9%) and olive oil were purchased from Sigma-Aldrich Chemicals Pvt. Ltd, Mumbai, India. Distilled water (Millipore, India) was mixed with glycerol. Standard for high-performance liquid chromatography (HPLC) analysis such as tripalmitate, dipalmitin, glyceryl trioleate 1, DL-α-palmitin, 2-diolein, 1,3-diolein and 1-oleoyl-rac-glycerol were purchased from Sigma-Aldrich Chemicals Pvt. Ltd, Mumbai, India. The solvent used for analysis, e.g., acetone, acetonitrile, n-hexane, isopropanol and acetic acid of HPLC grade purchased from Merck, Mumbai, India.
Experimental procedure
The enzymatic glycerolysis reaction was performed in a batch system. The immobilized C. rugosa lipase was placed in screw-capped flasks containing glycerol and olive oil (gly:oil 1:1, 1.5:1, 2:1, 2.5:1 and 3:1). The reaction time, temperature, molar ratio of glycerol and oil (gly/oil), amount of lipase and water content in glycerol (3.5, 5.0, 6.5, 8.0 and 9.5%) were varied following experimental design. The reaction mixture was stirred in a water bath using a magnetic stirrer (IKA RCT Basic S22, Bangalore, India) at 600 rpm. Aliquot fractions (0.10 ml) of the reaction mixture were taken periodically. The lipase was separated by centrifugation (2900g) for 15 min. and the oil phase collected from reaction mixture. The excess of glycerol in oil phase was removed by washing with hot distilled water in equal amount of oil phase and recentrifuged. The compositions of the glycerolysis product were determined by high-performance liquid chromatography. The free fatty acid (FFA) composition of product obtained from the olive oil glycerolysis reaction was not investigated. Five random experimental conditions were selected and glycerolysis reaction was performed further in batch system to validate the developed model.
Analytical methods
Quantitative analyses of the product were carried out by HPLC (Agilent, USA Series 1100), with a Zorbax C18 column (4.6 m×250 mm, 5 µm) and a refractive index detector. The conditions were: detector temperature 45 °C; column temperature 35 °C; flow rate 1.0 mL/min, mobile phase n-hexane and isopropyl alcohol (4:5, v/v). The n-hexane and isopropyl alcohol were used as a sample dissolving solvent with injection volume of 40 µL. The quantification of MG and DG was carried out by comparing with MG and DG standard. Calibration charts were plotted, and the results were expressed as weight percentage of MG and DG.
Experimental design
The experimental design techniques for maximum production of MG and DG are studied with central composite design (CCD). This method is sufficient to describe the majority of steady state process response and optimize the effective factor with a minimum number of experiments [22] . Reaction time (X 1 , h), temperature (X 2 , °C), amount of lipase (X 3 , g), glycerol to oil molar ratio (X 4 ), and water content in glycerol (X 5 , wt.%) are selected as independent variables and yield of MG and DG (wt.%) as dependent variables ( Table 1) .
The five independent variables are studied at five levels (−2, −1, 0, +1, +2) ( Table 1 ). According to the full factorial five-level design, 32 experiments are required for optimization of the glycerolysis reaction (Table 1) 
RESULT AND DISCUSSIONS
Statistical analysis and model fitting
Response surface optimization is more useful compared to the traditional single parameter optimization as it saves reaction time, space and raw material [23] . The thirty two designed experimental points in terms of coded and un-coded independent variables are presented in Table 1 . The factors that affect the production of MG and DG are time, temperature, amount of lipase, molar ratio of glycerol to oil and water content in glycerol. The experimental and predicted value of MG and DG yield are also presented in Table 1 . The corresponding analysis of variance (ANOVA), which indicates the significance of independent variables, is done using square terms of the independent variables and first order interaction terms for each paired combination of independent variables for maximum yield of MG and DG. The p-values are used to determine the effects (main or interaction) in the model which is statistically significant [24] . For MG production the linear coefficients X 1 -X 5 
The predicted optimal levels of time, temperature, amount of lipase, molar ratio of glycerol to oil and water content in glycerol of the glycerolysis reaction are calculated. The predicted yield of MG and DG along with experimental value is shown in Figure 1 (2) and (3) indicates that the models are adequate for prediction within the range of experimental variables.
Optimization of MG and DG yield
The effect of the process parameters and interaction parameter on the yield of MG and DG are presented in Figures 2-5 . The three-dimensional surface plots (Figure 2) show the yields of MG and DG as a function of amount of lipase and time at fixed molar ratio of glycerol to oil (1.5), reaction temperature (40 °C) and water content (5 wt.%). It can be seen from the plot that enhancing the lipase amount from 0.015 to 0.025 g could increase the yield of MG and DG, but further increase in lipase amount leads to a decline of MG and DG yield. Due to protein aggregation many of the active sites of the lipase molecules present are not exposed to the reactant at high lipase concentration, which decreases the MG and DG yield. The present results are in agreement with the previous study [12] where a similar trend of decreasing MG and DG production on increasing the lipase amount observed. The effect of reaction time on the production of MG and DG is significant. The yield increases as the reaction time increase from 2 to 5 h, however, the yield decreases by further increasing reaction time. The yield relatively decreases due to reduction of enzyme activity after 5 h. Yang et al. [25] reported maximum MG production (17 wt.%) in lipase-glycerolysis of sunflower oil in a solvent-free system at 5 h reaction time. Figure 3 shows the three-dimensional surface plots at different reaction temperatures and lipase amounts at fixed reaction time (5 h), molar ratio of glycerol to oil (1.5), and water content (5 wt.%). It can be seen that the yield of MG and DG increases with the increase of lipase amount from 0.01 to 0.025 g, drops slightly from 0.025 to 0.03 g, increases rapidly with the increase in temperature from 10 to 40 °C and decreases rapidly from 40 to 50 °C. Temperature has a very important role in the enzymatic reaction system. Glycerol has a low miscibility with fats and oils. With increase in temperature, the mixture viscosity is reduced, and the mutual solubility or substrate diffusion process increases, thus reducing mass transfer limitations and favoring interaction between enzyme and oil. However, if the temperature is set too high, lipase denaturation can occur. Therefore, an optimal working temperature value should be selected. The result shows a decrease in the yield of MG and DG, with increase in the reaction temperature. Such a drop may be due to lipase denaturation occurring at elevated temperatures (above 40 °C). The reaction temperature of 40 °C is suitable for the glycerolysis of sunflower oil using Novozym 435 [25] in a solventfree system. Figure 4 shows the three-dimensional surface plots at varying reaction time and molar ratio at fixed reaction temperature (40 °C), amount of lipase (0.025 g), and water content (5 wt.%). It can be seen that the yield of MG and DG increases with increasing molar ratio of glycerol and oil from 1:1 to 1.5:1, but a further increase in molar ratio of glycerol and oil leads to a decrease in MG and DG yield. The decrease in reaction yields is presumably due to increased viscosity as the glycerol content increases. Glycerolysis represents a complex reaction system that involves two phases, where the reaction can take place in one or both phases, or at its interface. The moderate agitation rate in glycerolysis reaction is necessary to eliminate the mass transfer limitation and reduce the viscosity of the reaction mixture. Mass transfer between oil and glycerol phase directly relates to the interfacial area, which is dependent on the shear rate and the two phase volume ratio [15] . High contents of MG and DG (about 22 and 28 wt.%) at glycerol to oil molar ratio of 1:2 in the glycerolysis of butter oil at 45 °C in a solvent-free system [26] are reported. Tuter and Aksoy [27] found that 2:1 molar ratio of glycerol to palm kernel oil by Humicola lanuginose lipase produces maximum MG (31 wt.%) and DG (42 wt.%). The yields of MG and DG increase rapidly with the increase of time from 1 to 5 h, and drop slightly when the reaction time is increased to 6 h.
The three-dimensional surfaces plots based on independent variable reaction time and temperature are shown in Figure 5 , while the other three independent variables, amount of lipase, molar ratio of glycerol to oil, and water content are kept at 0.025 g, 1.5, and 5 wt.%, respectively. As can be seen, enhancing reaction temperature from 10 to 40 °C drastically enhances the yield of MG and DG to 38.7 and 40.45 wt.%. Here reaction time is the significant factor and the yield of MG and DG increases with increase with time until 5 h. Pawongrat et al. [14] reported the effect of temperature on the MG and DG production from tuna oil with IM-AK lipase enzyme in tert-butyl methyl ether. The MG and DG production are 25 and 42 wt.%, after 24 h at 45 °C.
Regression model verification
Five random experimental conditions (different from CCD) and within the range investigated were evaluated for validation of model. Table 2 presents experimental and predicted yield values for MG and DG. In all cases, the model prediction was in good agreement with the experimental data (considering the experimental error). The experimental and predicted MG and DG yields at optimum levels of glycerolysis reaction condition were also evaluated. The CCD (from Table 2 
